The polarization bistability (PB) features in a 1550 nm vertical-cavity surfaceemitting laser (1550 nm-VCSEL) subject to variable polarization optical injection (VPOI) are experimentally investigated. We have investigated the influence of polarization angle θ p of optical injection on PBs induced by scanning the power (power-induced PB) and the frequency of injected light (frequency-induced PB) along with different routes. The experimental results show that, for the fixed frequency of the injection laser and by scanning the injection power within a certain region, there exists a determined range of θ p in which power-induced PB in the 1550 nm-VCSEL subject to VPOI can be observed. For VPOI with θ p located within the determined range, the power-induced PB possesses larger hysteresis width, as compared with orthogonally polarized optical injection. The hysteresis width will be larger for a smaller value of θ p . Under the condition of fixed injection power and continuously varying the frequency of the injection laser, two frequency-induced hysteresis cycles can be observed, of which one is located at negative frequency detuning, and the other is located at positive frequency detuning. The variations of the two hysteresis width with θ p exhibit different trends. Also, when the bias current of the 1550 nm-VCSEL increases, the hysteresis width can be further broadened for the power-induced PB, and the broadening effect is relatively weak for the frequency-induced PB.
Introduction
The phenomenon of optical bistability has attracted much attention due to its wide application prospects in optical information processing, optical flip-flop memory, and optical logic-gate [1] - [5] . Previous studies have demonstrated that the conventional edge-emitting semiconductor lasers (SLs) can exhibit diverse bistability behavior under external perturbation including optical injection, optical feedback, and optoelectronic feedback. This provides an effective way of performing the bistable operation in all-optical SL systems [6] - [13] . Recently, the bistability in vertical-cavity surface-emitting lasers (VCSELs) has received more focus due its unique advantages such as easy fabrication in two-dimensional arrays, low threshold current, high coupling efficiency with an optical fiber, and reduced manufacturing cost [14] - [16] . In general, the intensity output of a VC-SEL is polarized along one of the two orthogonal crystal axes owing to weak material and cavity anisotropies [14] . However, the polarization switching (PS) between the two orthogonal polarization components can be easily triggered by controlling the laser's bias current, operating temperature of the laser [17] - [20] , external optical feedback [21] - [24] , and external optical injection [25] - [37] . If the switch-on/switch-off points are different and under appropriate scanning of laser's operating parameters, the polarization bistability (PB) with a hysteresis cycle emerges.
External optical injection is an effective way to achieve polarization bistability (PB) in VCSELs. This process of optical injection can be classified as orthogonal optical injection (OOI), parallel optical injection (POI) and variable polarization optical injection (VPOI). In the recent years, there have been extensive investigations on the effects of OOI in VCSELs, where it has shown the PB can be either observed through scanning the injection power (power-induced PB) or the frequency of the injection laser (frequency-induced PB). Based on the spin-flip model (SFM), Sciamanna et al. performed a theoretical investigation of characteristics of power-induced and frequency-induced PB in VCSELs subject to OOI [25] , [26] . Zhang et al. studied the influence of time-varying orthogonal optical injection on hysteresis width of power-induced and frequency-induced PB in VCSELs [28] . Hurtado et al. experimentally demonstrated that there exist three different shapes of hysteresis cycle for power-induced PB, and a very wide hysteresis cycle can be observed for frequency-induced PB in a single transverse-mode VCSELs [27] , [29] . Torre et al. investigated the characteristics of power-induced and frequency-induced PB in VCSELs subject to OOI, and a good overall qualitative agreement has been found between the experimental and theoretical results if the typical values of the VCSELs are considered [30] , [32] , [36] . Also, PBs in multi-transverse mode VCSELs under OOI had been demonstrated [33] , [34] . For the case of POI, the frequency-induced PB behaviors were experimentally observed by Quirce et al. in a multi-transverse mode 1550 nm-VCSEL subject to POI [31] . Recently, Guo et al. experimentally reported the PB in a single transverse-mode 1550 nm-VCSEL, where an ultra-wide hysteresis cycle of 473.3 GHz for frequency-induced PB and a hysteresis cycle of 7.3 dB for power-induced PB have been experimentally achieved [35] .
VPOI is relatively flexible since the polarization angle (θ p ) of optical injection can be easily adjusted. In recent years, the nonlinear dynamics and the polarization evolution in VCSELs under VPOI have received increased interest [38] , [39] . In this work, to further understand the PB characteristics of the VCSEL under VPOI, we have performed an experimental investigation on the PB properties of a 1550 nm-VCSEL subject to VPOI. The influences of θ p on the power-induced and frequency-induced PBs have been extensively studied.
Experimental Setup
The schematic of our experimental setup is shown in Fig. 1 . A commercial 1550 nm-VCSEL (Raycan) is used in this experiment. The bias current and temperature of the VCSEL are controlled by a high accuracy and low noise current-temperature controller (ILX-Lightwave, LDC-3724C), and the accuracies of bias current and temperature are respectively 0.01 mA and 0.01°C. Throughout the experiment, the temperature of the VCSEL is stabilized at 20.17°C. The light emitted from a tunable laser (TL, Santec, TSL-710) passes through a variable attenuator (VA), a polarization controller (PC1), a three-port optical circulator (OC), a 10/90 fiber coupler (FC), and then injected into the VCSEL. PC1 is used to adjust the polarization angle of optical injection (θ p ). VA is employed to control the power level of the injected light from the TL, which is detected by a power meter (PM1). The VCSEL output passes through FC, OC, PC2, polarization beam splitter (PBS), and then is divided into two parts output from terminal port 1 (TP1) and terminal port 2 (TP2), respectively. Through adjusting PC2, it can be realized that the output from TP1 only originates from X polarization 
Experimental Results and Discussion
Fig. 2(a) represents the experimentally measured polarization-resolved P-I curve of the freerunning 1550 nm-VCSEL. It is obvious that, the threshold current of the VCSEL is approximately I th = 2.20 mA. For I th ≤ I < 8.0 mA, the Y-PC with a short wavelength is always lasing whereas the X-PC with a long wavelength is suppressed. In the experiment, the polarization direction of the injection light can be varied by controlling PC1. As represented in the Fig. 3(a) , E x and E y are the slowly varying complex amplitudes of X-PC and Y-PC in the VCSEL respectively. The injected optical field E i nj is linearly polarized in a certain direction and can be orthogonally decomposed in the X-PC and Y-PC directions of the VCSEL with amplitudes of E i njx and E i njy , respectively. Under variable polarization optical injection (VPOI), the polarization angle θ p of optical injection is defined as the angle between the injected optical field and Y-PC optical field of the VCSEL [39] . Correspondingly, lights injected into the X-PC and Y-PC of the VCSEL are E i njx = E i nj sinθ p and E i njy = E i nj cosθ p , respectively. The value of θ p is within the range of 0 − 90
• , where θ p = 0 and θ p = 90
• correspond to the case of parallel optical injection (POI) and orthogonally optical injection (OOI) respectively. Fig. 3(b) and (c) demonstrate the spectra of the orthogonal and parallel components of the injected optical field with an arbitrary θ p , respectively. During the experiment, the measurement of the injected power into X-PC and Y-PC of the VCSEL are as follows: As mentioned above, through adjusting PC2, it can be realized that the outputs of TP1 and TP2 correspond to the X-PC and Y-PC in the VCSEL under no optical injection, respectively. Under this condition, if the bias current is cut off and external optical injection is introduced, the reflected injection light by the front surface of the VCSEL will be entered into PC2 and PBS, and then is output from TP1 and TP2, respectively. Obviously, the output powers from TP1 and TP2 characterize the injection powers into X-PC (P i njx = |E i njx | 2 ) and Y-PC (P i njy = |E i njy | 2 ), respectively. Correspondingly, the value of θ p with respect to arbitrary polarized optical injection can be determined in terms of the trigonometric function relation (θ p = arctan( P i njx / P i njy )).
Initially, we have concerned on the power-induced PB characteristics of the 1550 nm-VCSEL subject to VPOI through scanning the power P i nj of the injection light. Here, the frequency detuning ν is defined as the frequency difference between the injected light frequency v i nj and the X-PC frequency of the 1550 nm-VCSEL, and the detuning can be controlled by adjusting the frequency of injected light v i nj . Fig. 4 shows polarization-resolved output powers of (a) X-PC and (b) Y-PC of the 1550 nm-VCSEL biased at I = 5.6 mA subject to VPOI with ν = −12.5 GHz for different θ p . The injection power P i nj is adjusted manually with a step of 0.1 mW along different routes. As shown in this diagram, we first increased P i nj from 0 mW to 5 mW and then decreased to 0 mW. The forward and reverse PSs occur between X-PC and Y-PC. For the forward (reverse) PS, the output of X-PC (Y-PC) is switched from an off-state to an on-state. Meanwhile the output of Y-PC (X-PC) experiences an opposite process. The forward and reverse PSs emerge respectively at two different distinct values of P i nj , which leads to the appearance of PB with anticlockwise (clockwise) hysteresis loop for the X-PC (Y-PC). And the interval of two specific P i nj is the hysteresis width ( P) of the PB. It is also observed from Fig. 4 that, in comparison with OOI (θ p = 90
• ), VPOI is more constructive for obtaining PB with larger hysteresis width. The hysteresis width will be larger for the smaller value of θ p . The reason is that, for VPOI, due to the polarization decomposition, a smaller θ p will lead to a lower injection power P i njx into the X-PC of the VCSEL and a higher injection power P i njy into the Y-PC of the VCSEL, and hence, a stronger P i nj of injection optical field is required to induce the power PS for a smaller θ p . For the mentioned values of θ p , and its influence on the specific P i nj requirement by forward PS is more obvious, which results in the larger hysteresis width compared with that under OOI. It should be pointed out that, for different θ p the PS strongly depends on the injection power P i njx and can be also used to quantize the PB width. The subsequently handling proves the relatively small trend of PB if P i njx is considered as the reference. However, from the point of view of increasing the hysteresis width, the larger PB region labelled by the total power P i nj can be favored by the PB-based application. Therefore, in the following discussion, P i nj is used to characterize the injection condition.
In order to explore the influence of θ p on the hysteresis width P, the θ p is varied for three different values of ν. Fig. 5 depicts the variation of P as a function of θ p for the 1550 nm-VCSEL biased at 5.6 mA subject to VPOI with ν = −8 GHz, −10 GHz, and −12.5 GHz, respectively. Under this experimental scenario, P i nj is scanned within the range of 0 − 5 mW, which leads to a threshold value of θ p 0 existed for observing PS and PB. As shown in the figure, at ν = −8 GHz, the θ p 0 is about 41°. And for θ p 0 ≤ θ p ≤ 90
• , a smaller value of θ p is convenient for achieving PB with a larger P. For a larger | ν|, the value of θ p 0 is greater and hysteresis width P is wider. The reason is that, for a larger | ν|, the nonlinear effect induced by the injection light is weaker, and then a stronger P i njx is required for PS and PB. As a result, a larger threshold θ p 0 is needed due to θ p = arctan( P i njx / P i njy ). Fig. 6 shows the variation of P as a function of bias current I with fixed ν = −10 GHz and θ p = 71
• . It can be seen that P has an increasing tendency as the bias current I increases from 2.8 mA to 8.0 mA, which is similar to the previous results reported in [29] . The broadening of the PB region with the increase of I may be attributed to the dispersive nonlinearity in the VCSEL. Based on the above experimental results, by adjusting few operational parameters such as θ p and I, the PB induced by scanning P i nj can be controlled effectively to a certain extent.
In addition to the power-induced PB studies, there exists another frequency-induced (or wavelength-induced) PB, which can be realized through scanning v i nj around the suppressed X-PC frequency (ν x ) of the free-running VCSEL [26] , [30] . In the following, we have focused on the influence of VPOI on the frequency-induced PB characteristics of the 1550 nm-VCSEL under VPOI. Fig. 7 shows the polarization-resolved output powers of (a) X-PC and (b) Y-PC of the VCSEL biased at I = 5.6 mA for different values of θ p when P i nj is fixed at 2.4 mW, and ν is scanned along different routes. During the experiment, the frequency detuning ν is increased (or decreased) manually with a step of 1 GHz. On one hand, ν is increased from -30 GHz to 20 GHz, two successively frequency-induced PSs can be observed, which is located at negative and positive ν regions respectively. The PS located at the negative ν region occurs when the X-PC of the 1550 nm-VCSEL is locked to the injection light. The PS emerged at the positive ν region corresponds to the case that the X-PC is lose-locked to the injection light. On the other hand, for decreasing ν from 20 GHz to -30 GHz in a reverse route, two backward PSs can also be observed. The specific values of ν required for triggering PSs under forward scanning ν are not identical to those under backward scanning ν, and so two PB regions appears. The width of the hysteresis cycle is defined as the interval of two specific ν associated with the forward and backward PSs [36] . Here, the hysteresis cycle located at negative ν is named as H1 and the hysteresis cycle located at positive ν is named as H2. Similarly, the hysteresis widths are labeled as ν H 1 and ν H 2 . From Fig. 7 , it can be seen that ν H 1 = 5 GHz and ν H 2 = 2 GHz for θ p = 90
• . For other values θ p , the P i njx that injected into the X-PC of the VCSEL are lower than the value of θ p = 90
• due to the decomposition of injection light, that leads to the occurrence of PS at smaller values of | ν|. We have further investigated the influence of θ p on the characteristics of the frequency-induced PB. Fig. 8 represents the measured variations of hysteresis width ν H 1 (a) and ν H 2 (b) as a function of θ p for the 1550 nm-VCSEL biased at 5.6 mA subject to VPOI with P i nj = 1.2 mW, 2.4 mW, and 3.6 mW. As shown in the figure, scanning the ν within the range of −30 − 20 GHz, there exists a threshold value θ p 0 required for achieving frequency-induced PB, and the θ p 0 is very small. With an increase of θ p , the ν H 1 shows a gradual increasing behavior, whereas the ν H 2 almost maintains at a constant variation around 2 GHz.
Correspondingly, the influence of bias current I on the hysteresis width ν H 1 and ν H 2 is carried out and summarized in Fig. 9 . It is observed that with an increase of I from 2.8 mA to 8.0 mA, the ν H 1 and ν H 2 exhibits a fluctuation around 6 GHz and 2 GHz respectively. Hence, for frequencyinduced PB, in comparison with the results obtained by varying the bias current, we argue that the fine-tuning of θ p would be relatively more efficient way to control the PB of VCSELs.
By the way, it should be pointed out that during this experimental condition of the 1550 nm-VCSEL biased at 5.6 mA, ultra-wide hysteresis has not been observed for the polarization angle θ p is near to 90°, and meanwhile irreversible PS mentioned in [36] has not been observed either.
Conclusion
In summary, we have experimentally studied the PB characteristics in a 1550 nm-VCSEL subject to variable polarization optical injection (VPOI). We focused our investigation on the influence of polarization angle (θ p ) of optical injection. We have shown that for a fixed frequency detuning ( ν), when the injection power (P i nj ) is scanned along different routes within a certain range of 0 mW to 5 mW, a power-induced PB can be observed when θ p locates within a determined region between θ p 0 (corresponds to the smallest value for the occurrence of PS) and 90°. The value of θ p 0 is found to be smaller for the small value of | ν|. For θ p 0 ≤ θ p ≤ 90
• , a smaller θ p will be more lucrative to obtain power-induced PB with wider hysteresis width ( P). The P can be further extended by increasing the bias current. Next, for scanning ν along different routes within a certain range of -30 GHz to 20 GHz, frequency-induced PB, including two successively hysteresis cycles (H1 and H2), can be observed. In comparison with the power-induced PB, the frequency-induced PB can be observed even if the value of θ p is very small. With an increase of θ p , the width of the H1 ( ν H 1 ) located at negative ν exhibits a gradual increasing trend whereas the width of another hysteresis cycle ( ν H 2 ) located at positive ν displays small fluctuations. For a larger P i nj , the width of H1 can be further broadened but the width of H2 is almost unchanged. Apart from that, the influence of I on ν H 1 and ν H 2 is not so obvious.
